Design and development of a corrugated square-shaped monopole antenna is presented with measured results. The operational bandwidth of the antenna is 300 MHz-3000 MHz. The antenna is derived from a square-shaped planar monopole antenna. This basic square-shaped radiating element is corrugated in its lateral dimension. This corrugation reduces the lateral dimension of the antenna by 60%. Electrical performance of this antenna is better than its parent counterpart. This paper presents design and performance characteristics of conventional square-shaped monopole and its derivative, that is, broadband corrugated squareshaped monopole antenna.
Introduction
The rapid advancements in communication technologies are the driving force in design and development of broadband antennas with desirable mechanical features like compact size and light weight. Monopole antennas, owing to their simple structure, small size, and feasibility of implementation in printed circuit form, are preferred for mobile platforms as well as in airborne applications [1] . Monopole antennas in planar form are more suitable to be enclosed in the aerodynamically shaped radomes. The monopole antennas utilize the skin of the platform as its ground plane. Conventional quarter wave monopole antenna is a narrowband antenna having bandwidth of operation of the order of 1% to 5% [2] . If any antenna structure is defined by angle (angular concept), then antenna will have broadband characteristics [3] . Biconical antenna and its variants are the conventional broadband antennas based on angular concept. These antennas require to be in full size (λ/4 height for monopole antennas) for their operation. Scope of size reduction is much less in such type of antennas due to the above requirement. Realizing the radiating element in planar (printed) form is one of the ways to reduce the volume of the antenna. In planar form, the different shapes of radiating elements are proposed for monopole antennas to tailor and improve the impedance bandwidth of the antenna [4] [5] [6] [7] . These antennas can provide extremely wide impedance bandwidth, but their pattern bandwidth is limited due to deteriorated radiation patterns at higher frequencies [6, 8] . In the proposed antenna design, the pattern bandwidth is improved by modifying the planar radiating element into a corrugated one. The impedance of the antenna is much wider, but the operational bandwidth of this antenna is 10 : 1.
Antenna Design and Realization
The input impedance of the conical monopole antenna is given by
The planar radiating element is chosen in square form. One of the corners of this element is used as a feed end, and hence the angle of the planar radiating element is 90 • . The above equation for input impedance of the antenna is valid only if the antenna structure is 3-dimensional and its height is infinity. For limited-size antennas, the lower operatingfrequency of the antenna is decided by the antenna size. The edge size of the square is chosen as 0.12 λ at lower frequency of operation (300 MHz) due to size constraints. The antenna dimensions (width × height) are 0.17 λ× 0.17 λ.
The antenna was realized using semi-flexible copper cladrded RT Duroid (thickness = 0.5 mm, ε r = 2.2). The metallization on this substrate is used as a radiating element of dimensions 120 mm × 120 mm. The diagonal dimensions of this element are 170 mm × 170 mm. An aluminum base plate in elliptical shape was fabricated to hold the connector and provide interface to ground plane. The SMA (F) connector was used for excitation of the antenna. The centre pin of connector is connected to the printed radiating element of the antenna and the outer to the aluminum base plate. The schematic of this antenna and its photograph are shown in Figures 1 and 2 , respectively. This antenna was transformed into corrugated radiating element monopole antenna. The corrugations are provided in lateral dimension of the radiating element. Because of this, the planar laminate with printed element is folded to transform it in a wavy (sinusoidal) surface. The 5 corrugations were used with a corrugation pitch of 13.7 mm and height of 
Results and Discussion
The antennas were evaluated for their impedance characteristics using M/s R&S ZVRE vector network analyzer model no.1043.0009. A circular ground plane of diameter 400mm was used for antenna evaluation. The comparisons of measured VSWR plots for three antennas (squareshaped planar monopole antenna, corrugated monopole antenna, and conventional monopole antenna) are shown in Figure 4 .
The measured VSWR values for square monopole, corrugated monopole, and conventional monopole are 3.4 : 1, 3.5 : 1, and 4.5 : 1, respectively, at lowest frequency of operation (300 MHz). The difference between the values of VSWR of square and corrugated monopoles is only 0.1. This difference is 1 for conventional one. This shows that the VSWR profiles for square and corrugated monopoles are almost similar, while conventional monopole of similar dimension to corrugated one has higher VSWR values. The corrugated antenna was also examined with different number of corrugations, corrugation pitches and heights. It is observed that the antenna is not much sensitive for these variations as far as impedance is concerned. The variation in impedance is observed with major variations in these parameters. For instance, with larger pitch of the corrugation and lesser corrugation height, the antenna characteristics move toward planar antenna, and with lesser pitch more The antennas were evaluated for their radiation characteristics in ground reflection antenna test range below 500 MHz frequency range and in anechoic chamber above 500 MHz frequency band. The overlapped measured elevation plane radiation patterns of planar square/diamond monopole antenna and its corrugated monopole counterpart are shown in Figures 5(a) -5(j). These patterns are almost identical up to 1000 MHz frequency range and show same gain for both antennas. Above 1000 MHz frequency band the patterns related to planar square monopole show more undulation at horizon causing variation in gain and limited elevation coverage. For corrugated monopole antenna, the radiation patterns are smoother with larger elevation coverage with reference to horizon. The gain of corrugated monopole is 2-8 dB more (at horizon) than square-shaped monopole in the frequency range of 2200-3000 MHz. This feature of this antenna makes it superior due to large elevation coverage and better gain at horizon.
The measured azimuth plane radiation patterns are shown in Figures 6(a)-6(j). As evidenced from these plots, the omni deviation is much less (≤ ±1 dB for corrugated, ≤ ±2 dB for square) up to 800 MHz for both antennas. This omnideviation increases at higher frequencies. This is ±2 dB at 1000 MHz for corrugated monopole and ±3dB for square monopole. For square monopole antenna, the omni deviation is > ±3 dB above 1000 MHz. For instance it is ±8 dB at 2200 MHz, ±11.5 dB at 2600 MHz, and ±8 dB at 3000 MHz. For corrugated monopole antenna, the omni deviation remains ≤ ±3 dB up to 2200 MHz frequency band. It is ±3.5 dB at 2600 MHz, and ±7 dB at 3000 MHz. The omni deviation in azimuth plane radiation is the most important factor in omnidirectional antennas. Considering the omnidirectionality of the antenna, the corrugated element monopole antenna performs better.
Conclusions
A broadband monopole antenna consisting of square-shaped planar radiating element has been designed and developed. A corrugated radiating element monopole antenna has been derived from square-shaped monopole antenna. Both these antennas were compared for their electrical characteristics. It is observed that the performance of corrugated element monopole was better than its parent (square monopole) counterpart. The corrugated monopole shows better gain at horizon and lesser omni deviation. Although there is good impedance match for both the antennas up to 4000 MHz and more, pattern bandwidth is limited. The operating bandwidth of corrugated element monopole was much larger (about 10 : 1) than the planar element monopole antenna (about 4 : 1). The proposed corrugated squareshaped monopole antenna is compact and electrically small and finds use for trans-receive role in land and in mobile and airborne communication system for civil and defence applications.
